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12 N. Prentice-Hall, 1996 . A typical embodiment of a SD modulator includes a loop filter followed by quantizer, and a digital-to-analog converter (DAC) in the feedback path.
Single-bit SD modulators are widely used in analog-to digital converters (ADC) because they do not require accu rate components, and can thus be readily implemented using modern CMOS processes. The single-bit DAC in the feed back loop is particularly easy to implement, as it is inher ently linear. However, to achieve a high dynamic range the Single-bit modulator requires a high oversampling ratio (OSR) or modulator order, which may result in a prohibi tively large integrated circuit area and/or current consump tion. The OSR and/or modulator order can be reduced by increasing the number of quantization levels, i.e. by using a multi-bit (MB) modulator, However, this approach requires a multibit DAC in the feedback loop and, since multibit DACs are not inherently linear, to achieve high accuracy (e.g., greater than 10 or 11 bits) either calibration or dynamic element matching (DEM) is often required.
Generally, multibit DACs are linearized with calibration techniques, or the effects caused by the nonlinearity of the multibit DAC are reduced with DEM circuitry implemented with conventional digital logic.
In the modern and emerging mobile communications protocols and systems, such as GSM/EDGE and WCDMA, Stringent requirements (dynamic range and/or Sampling frequency) are placed on the analog-to-digital conversion. In addition, multimode operation is often required, and the use of common hardware in the various modes is highly desirable, especially from the Standpoint of making efficient use of integrated circuit area.
One of the Strengths of the Sigma-delta modulator tech nique is that there are Several ways in which to configure the Sigma-delta modulator to meet the required Specifications. For example, the OSR, the modulator order and the number of quantization levels may all be varied depending on the application or mode of operation.
Furthermore, in order to fully exploit the benefits of modern digital Signal processing during multimode operation, it is often desirable to use common radio fre quency (RF) and analog baseband circuitry in all of the operational modes, and to then perform all protocol and System-Specific functions in the digital domain. This places even higher requirements on the dynamic range and Sam pling frequency of the analog-to-digital converter. In addition, if the dynamic range and bandwidth of the analog to-digital conversion can be made Sufficiently large, it may be possible to eliminate some of the RF and analog baseband AS was noted above, to achieve a wide dynamic range Single-bit modulators require a high OSR and/or modulator order, which may lead to a prohibitively large circuit area and/or current consumption. The OSR and the modulator order can be reduced by increasing the number of quanti zation levels, i.e. by using the multibit SD modulator.
However, the use of multibit SD modulator introduces other problems, such as the nonlinearity of the feedback path SD modulator DAC caused by component mismatches.
SUMMARY
The foregoing and other problems are overcome by methods and apparatus in accordance with embodiments of these teachings.
A multilevel quantizer is provided in combination with dynamic element matching (DEM) circuitry in a multibit sigma-delta modulator. The DEM circuitry is implemented in an integrated circuit area and power efficient manner, and is also implemented So as to relax the Strict timing con straints imposed on the operation of the DEM circuitry. The timing constraints arise from the fact that the Sigma-delta modulator is a feedback system, and the DEM circuitry is a component part of the feedback loop.
In accordance with these teachings the DEM circuitry is divided into two major component parts: at least one DEM switch matrix (SM), preferably a current mode DEM switch ing matrix, and an associated DEM decision logic block that implements the DEM control algorithm and that controls the DEMSM. The DEM decision logic block is removed from the delay Sensitive sigma-delta feedback loop, while the DEMSM remains within the feedback loop. In this manner the DEM decision logic block has more time to implement the DEM algorithm, which in turn gives more freedom and flexibility in the design of the DEM algorithm. One benefi cial result is that, for example, a more complex DEM algorithm may be employed than would otherwise be pos sible.
Also described is a convenient and efficient technique to implement the DEMSM, using current steering logic within the multibit quantizer. In this case one or more DEM Switching matrices may be provided within the quantizer for reordering the N-1 digital output bits of the N-level quan tizer.
The undesirable effect caused by the nonlinearity of the multibit DAC, i.e., the generation of Spurious and harmonic tones, is reduced by using the DEMSM to rearrange the bits according to a Suitable algorithm So that the tones are converted to frequency-shaped noise.
The timing constraints limiting the choice of the DEM algorithm are overcome by placing the DEM decision logic block, which implements the DEM algorithm, outside of the delay-sensitive SDM feedback loop. In this manner the throughput may still be one control word per clock phase, but more freedom is provided in the selection of the DEM algorithm, i.e. one may Select a relatively simple DEM algorithm (e.g., random, cyclic, data weighted averaging (DWA), etc.) or a more complicated DEM algorithm (e.g., one based on sorting). The DEM algorithm may be pro The required circuit area, power consumption and Speed of the DEM SM are improved as well, as a compound 3 quantizer/SM Structure is simple and convenient to implement, and has the potential to reduce the area, power consumption and delay in the feedback loop, as compared to using a separate quantizer and SM. The preferred current Steering logic used in the DEMSM is dense, compact and fast, and if implemented with minimum size transistors, the additional capacitive load, and therefore also the increase in the current consumption, is insignificant.
A method is also disclosed for operating a quantizer of a Sigma-delta modulator. In one embodiment the step of operating at least one DEM Switching matrix includes reordering the N-1 reference current Signals at inputs to the N-1 comparators, while in another embodiment the Step of operating the at least one DEM switching matrix includes reordering N-1 comparator output signals prior to latching the N-1 comparator output Signals. Both embodiments may be used simultaneously by the quantizer.
The
Step quantizer 14 is coded (e.g., from a temperature code to a 2's complement code), and this multibit (k-bit) coded word is the output of the SD modulator 10. The output of the quantizer 14 is also fed to the DEM circuitry 20, the output of which controls the multibit DAC 18 in the feedback path. The effects resulting from the nonlinearity of the multibit DAC 18 due to element mismatches, in particular the Spurious and harmonic tones, are reduced by using a DEM switch matrix (SM) to shuffle or rearrange the input bits to the DAC 18 according to a suitable algorithm. In this manner the undesirable tones are converted to frequency shaped noise.
In addition, a dither generator 22 can be employed to generate a dither Signal that may be added to the input of the quantizer 14 to maintain the quantizer 14 in an active State with low level inputs. The use of the dither signal ideally cycle includes a first (filtering) phase (phase A) that is applied to the loop filter 12, a second (digital-to-analog conversion) phase B that is applied to the DAC 18. A Sub-phase of phase A (quant) is applied to the quantizer 14, and controls the quantization of the filtered signal. Note that the DEM decision and Switching is required to take place in the Short period of time between the quantization and the next digital-to-analog conversion. Especially with high Sam pling rates this short period of time limits the complexity of the DEM algorithm executed by the DEM block 20 .  FIG. 4 shows the timing of the DEM circuitry with double Sampling. The same timing constraints apply as in the case of normal Sampling. Note in this example that both clock phases A and B are applied to the loop filter 12, and the opposite phases B and A are applied to the DAC 18. During the quant sub-phase the DEM circuitry 20 is still required to process the bits output from the quantizer 14, and Set the DEM Switches accordingly.
FIG. 5 illustrates the structure of the multibit sigma-delta modulator 10 with the DEM decision logic block (DEM algorithm 20A) separated from the DEM SM20B in accor dance with an aspect of these teachings. The DEM decision logic block 20A reads the output of the quantizer 14 in one phase and generates the DEM SM control signals for the next phase, and therefore has additional time to resolve the S output bits of the quantizer 14 and make the DEMSM Switch control signal decision. Note that the DEM Switching operation Still occurs during the quant Sub-phase, and that the throughput is still required to be one Switch control operation per phase. The additional delay of one phase is taken into account in the design of the DEM algorithm to ensure Stability and/or proper operation. FIG. 6 shows the structure of a first embodiment of the multibit sigma-delta modulator with the DEM SM 20B located within the quantizer 14. In this case the analog DEM SM 20B is located between the quantizer input stage 14A, Such as a plurality of current comparators, and a quantizer output Stage 14B, typically a plurality of corresponding latches. In this embodiment the DEM Switching is per formed in the "analog domain to reduce time and circuit area. Note in the timing diagram that the DEM Switching operation takes place prior to the Start of the quant Sub phase, and that the DEM decision operation performed by the DEM algorithm block 20A may be initiated during the quant Sub-phase. Further in this regard, the input signal to the SDM 10 is also applied to the dither signal generator block 22 that includes the amplitude measurement block 24 that outputs an amplitude control Signal to the pseudorandom dither Signal generation block 26. The output of the pseudorandom dither Signal generation block 26 is the dither signal, pref erably the dither current (Idither), that is applied as a second input to the quantizer 14. The effect is to add pseudorandom noise, i.e., the dither Signal, at the input of the quantizer 14.
The amplitude of the pseudorandom noise (Idither) is con trolled in Such a manner as to be inversely proportional to the amplitude of the input Signal. That is, the amplitude of the dither Signal is Smallest when the amplitude of the input Signal is largest and Vice versa. The use of the dither Signal is preferred as it reduces the generation of unwanted tones in the output signal of the SDM 10 when the input signal amplitude is Small, and thereby also increases the dynamic range of the SDM 10. As a non-limiting example, the pseudorandom dither Signal generation block 26 may con tain at least one linear feedback shift register (LFSR) operated in accordance with the output of the amplitude measurement block 24 for controlling the on and off States of a plurality of transistors forming a current Steering DAC, and hence the amplitude (and polarity) of the dither current Signal.
The sum current from Summing node 21 is fed to the Sources of N-1 (in N-level quantization) common gate input transistors (cascode current buffers 31) of the quantizer 14. The common gate transistors isolate the input stage from the dynamic latches 14B1 of the output stage 14B, and thus also reduce the kickback noise to the loop filter 12.
The threshold generator 23 includes, in one embodiment, a resistor String 23A (made of resistors or transistors) that is used to create evenly distributed reference Voltages between positive and negative reference Voltages. Differential pair amplifierS 23B are used to tap the appropriate threshold Voltages and convert these voltages to reference currents. In another embodiment the circuits 23A and 23B may be replaced with a transconductor that feeds a plurality of weighted current mirrors for generating the desired refer ence current Signals directly. The second DEM SM 20B2, implemented as analog current Steering logic, directs the reference currents accord ing to the control Signals generated by the DEM decision logic 20A to the Sources of common gate input transistors of a Second cascode current buffer 25. These common gate transistorS function to isolate the resistive String 23A from the dynamic latches 14B1 of the second stage 14B of the quantizer 14, and thus reduce the introduction of kickback noise into the threshold generator 23.
The currents from the input Stages that are Sensing the output of the loop filter 12, and the currents from the input Stages Sensing the thresholds generated by the resistor String 23A, are Summed at Summing junction 27 and then fed to the first DEM SM 20B1.
The DEM SM 20B1, preferably also implemented as analog current Steering logic, directs the Sum currents according to the control Signals generated by the DEM decision logic 20A to one of the latched loads of the output Stage 14B. The latched loads comprise regenerative latched loads (dynamic latches 14B1 and static latches 14B2). The outputs of the latches 14B2 are fed to the clock logic and 7 buffers 17A of the loop filter 12, via the feedback path 17. The digital-to-analog conversion is performed in the SC integrators 12A, under the control of the clock logic 17A.
The outputs of the latches 14B2 are also fed to the DEM decision logic block 20A, which generates the control Signal for the DEM Switch matrices 20B1 and 20B2 according to the selected DEM algorithm. Suitable DEM algorithm include, but are not limited to, random data averaging (RDA) and various cyclic algorithms including data weighted averaging (DWA) and a rotation-based DEM algo rithm Such as clocked averaging (CLA). More complex DEM algorithms may also be employed, such as a DEM algorithm based on Sorting. In the cyclic DEM algorithms, Such as rotation based CLA and DWA, the mismatch error of the DAC unit elements is converted into wide-band noise.
The Selected DEM algorithm may be changed during opera tion to accommodate changes in Signal conditions, as well as the mode of operation in a multimode type of device.
General reference with regard to RDA can be made to a publication: L. Berkeley, 1990 .
The output of the static latches 14B is also fed to the coder 16 which outputs, for example, a 2's complement digital representation of the quantization result. Other multibit digital output formats may also be used.
FIG. 10 is a more detailed block diagram of the quantizer 14 of FIG. 9. FIG. 10 illustrates the compound nature of the quantizer/SM structure, which can be seen to be relatively Simple and convenient to implement, and which has the potential to reduce the area, power consumption and delay in the feedback loop 17, as compared to using a separate quantizer and SM. The illustrated construction of the SM 20B1 can be seen to use current Steering logic that is dense, compact and fast, and if implemented with minimum size transistors, the additional capacitive load, and therefore also the increase in the current consumption, is Small. The function of the SM20B1 is to selectively route the output of the current comparator to the inputs of one of the dynamic latches 14B1, selected by the DEM algorithm block 20A, thereby reordering the output bits. The SM 20B2 can be constructed in a similar manner, and performs a further reordering at the inputs to the current comparators. In the preferred embodiment the combined signal and dither cur rent at the Summing junction 21 is split or divided evenly between the N-1 current comparators, via the cascode The disclosed quantizer 14 can be extended to Support a Sigma-delta modulator Structure with a chain of integrators 12A with weighted forward Summation, wherein the outputs of all the integrators 12A are first Summed in a Summation block, the output of which is then fed to the quantizer 14. The integrator output Summing operation can be imple mented in the current mode by providing one linearized preamplifier per integrator, and by wiring the outputs of the preamplifiers together. The current mode dither signal from block 22 can be connected to the same Summing node. The output of each Switched capacitor integrator 12A of the Sigma-delta loop filter 12 is Sampled to a simple Sampling capacitor. For example, in a third order modulator there are three integrators 12A, So three different Voltages are Sampled. The Sampling is preferably used to avoid the propagation of kickback noise from the quantizer 14 to the loop filter 12. Each of the Sampled Voltages is converted to a current Sample, and the current Samples are Summed in the current mode by connecting the outputs at a Summation junction at the input of the quantizer 14. The output current of the dither block 22 may be added at the same Summation junction. The Sampled Sum current is then fed to the Sources of the common gate input transistorS 31 of the quantizer comparators. The common gate configuration exhibits a low input impedance, which makes the Summing of the currents more accurate, and the common gate transistors isolate the input stage from the dynamic latches 14B1 of the output Stage 14B, and thus reduce the propagation of the kickback noise to the loop filter 12.
The linearized differential pairs 23B tap the appropriate threshold Voltages and convert these Voltages to currents.
The ratio of the conversion coefficients (transconductances) can be accurately controlled by proper use of matching techniques.
In accordance with an aspect of these teachings, the reference currents are fed to the Sources of the common gate input transistors 29 of the N-1 comparators via the DEM Switch matrix 20B2, under control of the DEM algorithm block 20A. The common gate transistors of block 29 isolate the resistive string 23B of the threshold generator 23 from the dynamic latches 14B1, and thus reduce the propagation of the kickback noise to the threshold generator 23. The currents from the input Stages 31 that Sense the outputs of the integrators 12A of the loop filter 12, as well as the currents from the input Stages 29 Sensing the reference current thresholds, are Summed at node 27 and fed, via the DEM Switch matrix 20B1, to one of the latched regenerative loads 14B1. The timing diagram for the latched regenerative load 14B1 is also depicted in FIG. 10 (signals comp clk and its delayed inverse).
It can be appreciated that the illustrated embodiments relax the timing constraints on the DEM algorithm block 20A as it is no longer in Series with the feedback Signal path that leads back to the DAC 18. Instead, the DEM algorithm block 20A is coupled in parallel with at least a portion of the feedback path to the loop filter DAC 18. Furthermore, by integrating the functions of the DEM unit 20 with the multilevel quantizer 14 other advantages are realized, Such as a potential to reduce the required circuit area, the power consumption, and the cost. The integration of the DEM functions with the quantizer 14 is facilitated by implement ing the DEM switching matrix 20B or matrices 20B1, 20B2 as current Steering transistors, thereby resulting in the real ization of the Several advantages discussed previously.
It should be appreciated when considering the embodi ment depicted in FIGS. 8, 9 and 10 that either of the DEM Switch matrices 20B1 or 20B2 could be eliminated, and the DEM reordering function performed with only one Switch matrix. That is, these teachings are not to be limited to the use of two DEM switching matrices within the quantizer 14, as one SM could be employed.
Furthermore, the DEM switch matrices could be posi tioned at other locations, Such as between the outputs of the regenerative latches 14B1 and the inputs of the static latches 14B2, and to then employ Voltage mode logic.
Thus, while these teachings have been particularly shown and described with respect to preferred embodiments thereof, it will be understood by those skilled in the art that changes in form and details may be made therein without departing from the Scope and Spirit of these teachings.
What is claimed is:
1. A Sigma-delta modulator, comprising: a loop filter having an input node for receiving an analog
Signal and an output node, a multilevel quantizer having an input node coupled to Said output node of Said loop filter for receiving an input Signal therefrom and a plurality of digital output nodes outputting a multibit digital Signal that is indica tive of a magnitude of Said input signal; and a feedback path from Said plurality of digital output nodes of Said quantizer to Said loop filter, Said feedback path comprising at least one dynamic element matching (DEM) switching matrix in series with said feedback path for reordering Said multibit digital Signal, and a DEM algorithm logic block having outputs coupled to said DEM switching matrix for controlling the opera tion thereof, said DEM algorithm logic block having an input coupled to Said plurality of digital output nodes of Said quantizer and being coupled in parallel with at least a portion of Said feedback path. 2. A Sigma-delta modulator as in claim 1, wherein Said Sigma-delta modulator operates in one of a normal Sampling mode or a double Sampling mode.
3. A Sigma-delta moldulator, comprising: a loop filter having an input node for receiving an analog Signal and an output node, a multilevel quantizer having an imput node coupled to Said output node of Said loop filter for receiving an input Signal therefrom and a plurality of digital output nodes outputting a multibit digital Signal that is indica tive of a magnitude of Said input signal; and a feedback path from Said plurality of digital output nodes of Said quantizer to Said loop filter, Said feedback path comprising at least one dynamic element matching (DEM) switching matrix in series with said feedback path for reordering Said multibit digital Signal, and a DEM algorithm logic block logic block having outputs coupled to said DEM switching matrix for controlling the operation thereof, said DEM algorithm logic block having an input coupled to Said plurality of digital output nodes of Said quantizer and being coupled in Signal and an output node, a multilevel quantizer having an input node coupled to Said output node to Said loop filter for receiving an input Signal therefrom and a plurality of digital output nodes outputtting a multibit digital Signal that is indica tive of a magnitude of Said input signal; and a feedback path from Said plurality of digital output nodes of Said quantizer to Said loop filter, Said feedback path comprising at least one dynamic element matching (DEM) switching matrix in series with said feedback path for recording Said multibit digital Signal, and a DEM algorithm logic block having outputs coupled to said DEM switching matrix for controlling the opera tion thereof, said DEM algorithm logic block having an input coupled to Said plurality of digital output nodes of Said quantizer and being coupled in parallel with at least a portion of Said feedback path, wherein Said at least one DEM switching matrix is a current mode DEM switching matrix that is located between said input node and Said plurality of output nodes of Said quantizer. 11. An N-level quantizer circuit as in claim 10, wherein Said at least one current mode DEM Switching matrix is coupled between said output node of each of said N-1 comparators and inputs of Said N-1 latches.
12. An N-level quantizer circuit as in claim 5, wherein Said quantizer circuit forms a part of a multi-bit Sigma-delta modulator, and wherein Said input terminal of Said quantizer is coupled to an output of at least one integrator that forms a part of a loop filter. Switching matrix coupled between Said quantizer input node and Said plurality of quantizer output nodes, and a feedback path from Said plurality of digital nodes of Said quantizer to Said loop filter, Said feedback path com prising a DEM algorithm logic block having outputs coupled to said DEM switching matrix for controlling the operation thereof.
